Detection of iron-repressible proteins.
To study the effect on protein expression of iron-restricted growth, an iron-limited growth condition was imposed by the addition of 75 M Desferal (CIBA-GEIGY Pharmaceutical Co.) to the growth medium or, equally effective, by the addition of (20%) heat inactivated (60°C) newborn calf serum (NBCS; Gibco Ltd., Paisley, Scotland) (27) . The medium in which A. actinomycetemcomitans ATCC 43718 (formerly Y4) normally was grown contained Trypticase soy broth (Difco) with 0.1% NaHCO 3 and 0.5% yeast extract (Difco).
An outer membrane preparation contained the forementioned 70-kDa protein as the sole iron-repressible protein (data not shown). Therefore, we decided to perform a more crude extraction of the periphery of the bacterium with the nonionogenic detergent CHAPS (3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate) (6) . In short, cells from 10-ml cultures were harvested by centrifugation at 5,000 ϫ g, washed in phosphate-buffered saline, and transferred to Eppendorf tubes. The cells were incubated with 1% CHAPS in 50 mM Tris-Cl (pH 7.5) for 30 min on ice, and the resulting supernatant was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to determine the different protein profiles.
As can be seen from Fig. 1 , under iron-restricted growth conditions an extra band (lanes 3 and 5) can be observed corresponding with an estimated molecular mass of 35 kDa. No other extra proteins could be observed in these preparations with the same clear difference in expression based on iron availability. The 70-kDa IROMP was not detectable in CHAPS extractions because of the abundance of proteins with molecular masses near 70 kDa.
The NH 4 -terminal sequence of the 35-kDa IRP was determined with excised polyvinylidene difluoride membrane strips onto which the protein was blotted by Western transfer (21) .
Comparison by using the National Center for Biotechnology Information Blast Network service showed that the first nine residues, DITVYSGQH, were almost identical to the N-terminal sequences of the HitA and FbpA proteins of H. influenzae and N. meningitidis, respectively. These proteins serve as periplasmic iron transport proteins shuttling between outer membrane receptors for host iron-binding proteins and the cytosol (3) .
The cellular location of the 35-kDa protein, designated AfuA (A. actinomycetemcomitans ferric uptake A), was confirmed to be periplasmic by isolating the periplasmic protein fraction of A. actinomycetemcomitans cells, grown under iron restriction, according to the method of Ueguchi and Ito (22) . Figure 2 shows a significant enrichment of AfuA in this fraction compared to the spheroplast rest fraction. As a control, we determined the activity of alkaline phosphatase, a periplasmic marker, in both fractions with p-nitrophenyl phosphate as a chromogenic substrate (2) . Based on the colorimetric values, 80% of the activity was found in the periplasmic fraction. This periplasmic enrichment, rather than purification, was in good agreement with the concentration of AfuA in both fractions.
Characterization of the gene for AfuA. A genomic library for A. actinomycetemcomitans was constructed by ligation of partially Sau3A-digested genomic DNA fragments with an average size of 3 kbp into the BamHI site of the cloning vector pBluescript II SK Ϫ (Pharmacia) and subsequent transformation to Escherichia coli DH5␣. Antibodies which were raised against the putative periplasmic iron-binding protein of A. actinomycetemcomitans by immunizing mice with excised bands from the SDS-PAGE separation of CHAPS extracts were used for screening the genomic library. About 10,000 colonies were screened in a colony-blotting assay, and 5 of these colonies reacted positively with the antiserum. All five clones were identical, based on restriction enzyme patterns. The plasmid, denominated pIV1212, containing a 2.0-kbp fragment, was subjected to nucleotide sequence analysis. This was carried out according to the dideoxy chain termination method with an automated DNA sequencer (Applied Biosystems model 371A) and fluorescent dye-labeled terminators (17) . Fig. 3 shows the nucleotide sequence containing the AfuA gene. It comprises an open reading frame of 999 nucleotides preceded by a promoter region containing putative Ϫ10 and Ϫ35 sequences, a Shine-Dalgarno sequence, and a possible Fur-binding sequence. Although one of the indicated Ϫ10 sequences conforms to the consensus sequence, it probably is not functional as the Ϫ10 sequence because it is too close to the Shine-Dalgarno sequence. The other possible Ϫ10 sequence is more likely because of the correct distance from the putative Ϫ35 sequence. Also the position of the Fur-binding sequence, including the Ϫ35 region, is in agreement with what is commonly found. The open reading frame encodes a 36.3-kDa protein continuing the homology with HitA and FbpA already found for the first nine N-terminal amino acids. We inferred the indicated protein signal sequence from the N-terminal amino acid sequence we determined, which was also in agreement with the outcome of the algorithm of Von Heijne for predicting protein signal sequences (23) . Figure 4 shows a comparison of several periplasmic iron transport proteins of bacterial pathogens. It clearly demonstrates that A. actinomycetemcomitans AfuA has the strongest homology with the H. influenzae (80.4% identity) and N. meningitidis (72.9% identity) proteins and a much weaker homology with the A. pleuropneumoniae protein (17.2% identity).
Most likely the afuA gene is part of an operon containing B and C analogs such as those found in the hitABC and fbpABC loci. The afuA-containing plasmid pIV1212, however, did not contain any further sequences downstream from afuA.
Fur-dependent regulation. The iron-dependent regulation of gene expression is in most cases in other bacteria facilitated by interactions of the regulatory Fur protein with the promoter region of the gene (10, 18) . The Fur protein forms dimers in the presence of ferrous ion and binds in this configuration to a sequence located at the Ϫ35 position (Fur box), thereby blocking transcription. Such a putative Fur box is found at the Ϫ35 position of afuA. The sequence of this Fur box, GATAATTA TTTGCATTTCG, deviates from the proposed E. coli Furbinding consensus sequence, GATAATGATAATCATTATC, at seven positions, but this amount of difference is also found with other Fur boxes and apparently is permitted in respect to functionality. Nevertheless, the putative Fur sequence found in the afuA gene remained to be tested for functionality. In order to do so, the insert of pIV1212 was transferred from the highcopy-number pBluescript vector to the low-copy-number plasmid pSK29 (24) . E. coli bacteria harboring this plasmid showed iron-regulated expression of AfuA in the absence of IPTG (isopropyl-␤-D-thiogalactopyranoside) and presence of glucose, silencing the promoter activity of the pBluescript vector. To assert the regulatory function of the Fur box, the plasmid pIV1212 was subjected to PCR-based mutagenesis with the vector-originating flanking oligonucleotides and the oligonucleotides 5Ј-GATACTTATTTGCATATGGG-3Ј and 5Ј-CCC ATATGCAAATAAGTATC-3Ј. These oligonucleotides differ from the putative Fur box, 5Ј-GATAATTATTTGCATTTCG -3Ј, in the most conserved nucleotides of the Fur-binding consensus sequence, which are at the 5th (A3C) and 16th positions (T3A) (20) . It was hypothesized that changing these essential nucleotides would alter the Fur box in such a drastic manner that the Fur protein would be unable to bind. In all known Fur boxes these two positions are conserved. As can be seen in Fig. 5 , the phenotype of the mutation was a constitutive expression of AfuA, whereas the nonmutated fragment showed an iron-dependent regulation, implying first that the E. coli Fur protein binds to the putative A. actinomycetemcomitans Fur box and secondly that the 5th and 16th nucleotides are indeed essential for the binding of the Fur repressor to the promoter region of this gene.
In conclusion, these results showed the presence of a periplasmic iron-repressible protein in A. actinomycetemcomitans. Its iron-dependent regulation is mediated by the generally found Fur system. A protein similar to AfuA is found in several other pathogenic bacteria, in which it plays an essential role in the uptake of iron from the host organism. In general, for their iron acquisition these bacteria bind transferrin, lactoferrin, heme, or heme-containing compounds by an ironregulated outer membrane receptor. Subsequently, iron is removed and transported across the outer membrane in an energy-dependent process, mediated by the TonB protein. A periplasmic A protein transports the iron to the B and C proteins, which form a transporter to the cytoplasm. With the importance of an effective iron acquisition system for the virulence of these bacteria in mind, the finding of an A protein (AfuA) in A. actinomycetemcomitans suggests the importance of iron availability in the process of periodontitis. 
